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Mesquita,
c
 Rochel Montero Lago,*
b
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*
a 
In this work, a mesoporous nanocast carbon prepared using SBA-15 as template was modified by surface oxidation to 
produce unique catalysts for sulfide oxidation/elimination from the aqueous medium. Different characterization 
techniques (BET, SEM, Raman, FTIR, potentiometric titration, elemental analyses, cyclic voltammetry) showed that 
treatment with concentrated HNO3 at 80 
o
C for 5, 15 and 30 min attacks the carbon structure creating different oxygen 
surface functionalities in concentrations varying from 0.4-1.1 mmol g
-1
 with small effect on surface area (1080-1148 m
2
g
-1
) 
and pore volumes (micropore 0.17-0.20 cm
3
g
-1
 and mesopores 0.36-0.50 cm
3
g
-1
). These materials showed high activities 
for the oxidation of sulfide in aqueous medium forming polysulfides, e.g., S2
2-
, S3
2-
 and S4
2-
, which are rapidly eliminated 
from the aqueous medium. These results are discussed regarding efficient sulfide oxidation at redox surface oxygen sites 
leading to the formation of higher polysulfides followed by adsorption of these relatively large and more hydrophobic 
molecules into the mesopores. 
1. Introduction 
Nanocasting is a versatile technique to create 
nanostructured carbons (NC) with controlled morphologies, 
high surface areas, narrow pore size distributions and high 
pore volumes.
1-5
 Different templates, such as zeolites,
6
 pillared 
clays,
7
 and silica,
8
 have been used to produce NC with different 
pore sizes and geometries with a high structural ordering. The 
use of mesoporous silicas, e.g., SBA-15, as a template for the 
production of a mesoporous carbon named CMK-3 has been 
reported in several works.
8-10
 These hierarchical carbon 
nanorods CMK-3 with a hexagonal network have been used in 
different applications such as adsorption,
11
 catalysis,
12
 gas 
separation process,
13
 gas storage,
14
 gas capture,
15 
and 
electrodes in lithium batteries.
16
  
In this work, the mesoporous surface of a hierarchical 
carbon was modified by oxidation with HNO3 to produce 
unique catalytic materials for the oxidation of sulfides in an 
aqueous medium.  
Sulfide in aqueous medium, mainly as H2S, is a serious 
problem due to odor, hazardous issues, and corrosion of 
equipment and infrastructure.
17-20
 In this context, the 
elimination of sulfide from wastewaters is of considerable 
importance.
21
 
The removal of hydrogen sulfide from the gas phase has 
been extensively investigated by different processes, mainly by 
air oxidation in the presence of different catalysts such as 
vanadium and iron oxides.
22,23
 Silicon carbide foams containing 
carbon nanotubes also showed to be effective on the oxidation 
of H2S in the gas phase to elemental sulfur.
24
 On the other 
hand, in aqueous media only a few studies have been carried 
out. Some microorganisms showed activity to oxidize different 
sulfur species in industrial wastewaters.
25-28
 The oxidation 
activity of these bacteria has been related to the presence of 
quinone redox groups and a facile electron transportation 
system in the enzyme sulfide-quinone reductase.
29,30
  
Inorganic synthetic catalysts based on ferrites MFe2O4 
(M=Fe, Cu, Co) and composites carbon/Fe3O4 were 
investigated as catalysts for oxidation of aqueous sulfide.
31,32
 
Recent works showed that carbon-based materials, such as 
activated carbon, graphite and graphene have also shown high 
activity for the oxidation of aqueous sulfide.
33-35
 These results 
suggested that important features to produce active catalysts 
are the presence of surface redox oxygen groups, e.g., 
quinone, combined with the graphene electron conducting 
structure. In these studies, the main reaction observed was the 
oxidation of sulfide to disulfide (S2
2-
). 
Hereon, it is discussed some unique features of modified 
nanocast mesoporous carbon for the oxidation of aqueous 
sulfide, i.e., well defined mesoporous structure, the high 
Page 1 of 9 New Journal of Che istry
N
ew
Jo
ur
na
lo
fC
he
m
is
tr
y
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
08
 Ju
ne
 2
01
8.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f C
on
ne
ct
ic
ut
 o
n 
6/
14
/2
01
8 
3:
16
:2
4 
PM
. 
View Article Online
DOI: 10.1039/C8NJ00922H
ARTICLE Journal Name 
2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
oxidation activity compared to other carbon-based catalysts, 
the production of high polysulfides, e.g., S3
2-
 and S4
2-
 (Equation 
1), and also the removal of these relatively large polysulfides 
from aqueous medium by adsorption in the mesopore space. 
 
2S
2-
aq → S2
2-
aq → S3
2-
aq → S4
2-
aq       (Equation 1) 
2. Experimental  
2.1. Nanostructured Carbons (NC) 
NC synthesis was carried out by a nanocasting process using 
different synthesis conditions reported elsewhere.
2,10
 The NC 
obtained is a negative replica of the inorganic matrix. The 
synthesis of NC involves five main steps: (i) inorganic template 
synthesis, where the ordered mesoporous silica-based 
material SBA-15 was chosen; (ii) templated impregnation with 
sucrose as carbon source; (iii) polymerization; (iv) 
carbonization of the organic material and (v) template 
removal, where an acid treatment was used in this case. SBA-
15 pores were filled with an aqueous solution of sucrose 
dissolved in sulfuric acid, used as a catalyst in the 
carbonization step, and water, in a mass ratio of 1:1.3:0.14:5 
(SBA-15: sucrose: H2SO4: water). This mixture was stirred at 
room temperature for an hour, followed by a polymerization 
step drying at 100 °C for 6 h and subsequently, the 
temperature was raised to 160 °C for 6h. An additional 
impregnation was carried out to ensure the complete filling of 
SBA-15 porous structure. The carbonization step was 
performed by heating the composite from room temperature 
up to 900 °C in a N2 atmosphere, with a heating rate of 3 
°C/min. The resulting silica/carbon composite was in contact 
with a hydrofluoric solution (5 wt. %) at room temperature 
during 24 h to remove the SBA-15. Then the NC was filtered 
and washed up to a conductivity value smaller than 10 µS/cm 
and finally was dried at 80 °C for 12 h.
36
 
 
2.2. Functionalized Nanostructured Carbons (FNC) 
NC was treated with HNO3 to introduce oxygen-containing 
functional groups. 15 mL of concentrated HNO3 were added to 
500 mg of NC heating in an oil bath at 80 °C during 5 minutes 
(FNC_5), 15 minutes (FNC_15) and 30 minutes (FNC_30). 
Afterward, samples were washed with abundant distilled 
water up to neutral pH to remove excess of acid and water-
soluble products of oxidation. After washing, the materials 
were dried at 80 °C overnight. 
 
2.3. Characterization and methods 
NC and FNC materials were analyzed by X-ray diffraction (XRD) 
in a Bruker-AXS 2D Phaser equipment, with Cu-Kα radiation (λ 
= 1.54 Ǻ). Morphological characterization of NC and FNC 
samples was carried out using scanning electronic microscopy 
(SEM) obtained in a LEO 1450 VP equipment with an energy 
dispersive X-ray probe (EDX) EDAX Genesis 2000. N2 
adsorption-desorption isotherms at 77 K were obtained in a 
manometric adsorption equipment (Micromeritics ASAP-
2000). The specific surface area (SBET) of all these materials was 
estimated by the Brunauer, Emmett and Teller method (BET) 
using N2 adsorption data at 77 K for relative pressures 
between 0.05 and 0.2. The micropores (VµP) and primary 
mesopores (VPMP) volumes were evaluated by the αS-plot 
method. The total pore volume (VTP) was obtained by Gurvich 
rule
37,38 
at a relative pressure of 0.98. The pore size 
distributions of the studied materials were obtained by the 
QSDFT method included in AsiQwin software, v. 2.0 
(Quantachrome Instruments) where the Kernel used was ‘‘N2 
at 77 K on carbon (slit/cylindrical. Pore, QSDFT adsorption 
branch)’’. Transmission electron microscopy (TEM) image was 
obtained using a Philips CM200UT microscope. Raman spectra 
were obtained in a Senterra Bruker equipment, with an 
excitation wavelength of 633 nm, a laser spot size of 20 μm 
with confocal imaging microscope and power of 2 mW. 
Infrared spectra (IR) were recorded in a Bruker ALPHA 
equipment, in the wavelengths between 4000-400 cm
-1
, with 
64 scans per sample. Elemental analyses were performed in a 
Perkin Elmer 2400 equipment. Potentiometric titration curves 
were obtained in a SHOTT automatic titrator (Titroline 7000) 
with a combined pH electrode model N6280 (SHOTT), under 
nitrogen atmosphere to avoid contamination by dissolved 
atmospheric CO2. For titrations, 10 mg of sample was 
dispersed in 20 mL of a solution 0.000083 mol L
-1
 HCl and 
titrated with a CO2-free solution of NaOH (0.0116 mol L
-1
). In 
order to keep H
+
 ions activity constant during the experiments, 
ionic strengths of HCl and NaOH solutions were fitted to 0.10 
mol L
-1
 by dissolution of sodium chloride. To determine the 
nature and amount of the acidic functional groups present on 
the surface of the samples a non-linear regression program 
was used.
39,40
 Based on Lemos et al.,
33
 kinetic studies were 
carried out monitoring the reaction at the wavelengths 273, 
290 and 360 nm for the species S2
2-
, S3
2-
 and S4
2-
, respectively. 
The reactions were performed with 10 mg of materials 
suspended in 6 mL of a solution of Na2S.9H2O (8 g L
-1
). 
Measures of electronic absorption UV-Vis were obtained using 
a Shimadzu UV 2550 spectrometer. Inductively coupled plasma 
optical emission spectroscopy (ICP-OES, Radial) was performed 
for the materials after sulfide oxidation in a spectrometer 
Arcos Spectro. Electrochemical measurements were obtained 
with bipotentiostat (DropSens) at room temperature using a 
conventional three electrode arrangement with a Pt wire 
counter electrode, an Ag/AgCl reference electrode (3.0 M KCl), 
and a carbon paste electrode as working electrode. First, 45 
mg of graphite powder (Aldrich) was mixed with 5 mg of 
mineral oil nujol for 10 minutes. Then, 47.5 mg in this graphite 
paste was mixed with 2.5 mg of sample, and the resulting 
paste was packed into a 3 mm internal diameter (0.07cm
2
). 
The electrical contact was made with a copper wire. The 
surfaces of electrodes were polished on paper to produce a 
flat reproducible working surface. All electrochemical 
experiments in this work were performed in a 0.1 M KCl 
solution as a supporting electrolyte.  
3. Results and discussion 
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The nanostructured carbon (NC) was obtained using SBA-
15 mesoporous silica as template and sucrose as carbon 
source pyrolyzed at 900 
o
C, followed by silica removal by HF 
treatment. The obtained NC was treated with concentrated 
HNO3 at ca. 80 
o
C for 5, 15 and 30 min and extensively washed 
with water.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Low-angle XRD patterns and of NC and FNC samples.  
These samples are named hereon FNC_5, FNC_15, and 
FNC_30, respectively. 
Low-angle XRD patterns (Fig. 1) showed for NC and FNC 
samples a well-resolved peak assigned to (100) diffractions of 
the 2D hexagonal space group, p6mm, (2θ ~ 1 °), indicating the 
preservation of the structure in the mesoporous carbon 
derived from SBA-15. SEM images obtained for NC and FNC 
samples presented similar rod-like morphologies suggesting 
that the HNO3 treatment did not cause a significant change in 
the carbon texture (Fig. 2). The ordered mesoporous structure 
was also studied using TEM. In Fig. 2 can be seen a TEM 
micrograph image for NC viewed perpendicular to the 
direction of the hexagonal pore arrangement. The TEM image 
shows that the structure of NC is an inverse replica of SBA-15 
(template), which consists of a hexagonal arrangement of 
cylindrical mesoporous tubes around of 8 nm in diameter with 
interconnection of tubes  
 
Fig. 2 SEM and TEM images obtained of NC and FNC samples.  
Table 1. Textural properties of NC and FNC materials 
Samples 
SBET 
[m
2
/g] 
 
VµP 
[cm
3
/g] 
VPMP 
[cm
3
/g] 
VTP 
[cm
3
/g] 
NC 1148  0.20 0.50 1.32 
FNC_5 1080  0.17 0.33 1.16 
FNC_15 1100  0.18 0.27 1.17 
FNC_30 1080  0.18 0.36 1.05 
 
by micropores present in the pore walls. For FNC samples, it 
can be assumed that their structures have not been drastically 
altered, due to the shape of the isotherms similar to the 
unmodified sample. 
Nitrogen adsorption-desorption analyses (Supplementary 
Material) showed Type IV isotherms and an H2 type hysteresis 
loop, typical of mesoporous materials with a significant 
amount of micropores.
38
  Textural properties of NC and FNC 
obtained from N2 adsorption data at 77 K are shown in Table 1. 
It can be  
observed that the original NC showed a specific surface area of 
1148 m
2
 g
-1
 with a relatively large primary mesoporous 
volume. As the NC was treated with HNO3, the surface area 
slightly decreased to ca. 1080 - 1100 m
2
 g
-1
 with a concomitant 
decrease of the micro and mesoporous volume. Pore size 
distributions (Supplementary Material) showed very similar 
results for the different samples, with approximately 50 % of 
total pores between 3.5 and 6 nm centered at 4.6 nm. 
Although the effect of the different pore sizes is not the core 
of this work, it is important to point out that the influence of 
larger or smaller mesopores sizes could affect the process. 
Raman spectra of the obtained materials showed the two 
typical carbon bands: D band at ca. 1330 cm
-1
 (related to the 
presence of defects in the carbon structure) and G band 
centered in 1590 cm
-1
 (related to more organized less 
defective graphene structures).
41
 As it can be seen in Fig. 3, 
ID/IG ratio for NC sample (0.86) is lower compared to FNC_15 
and FNC_30 (1.05 - 1.32), indicating the formation of defects 
related to oxidation sites after reaction with HNO3. The 
dimensions of non-defective graphene structures present in 
the carbon were  
Page 3 of 9 New Journal of Che istry
N
ew
Jo
ur
na
lo
fC
he
m
is
tr
y
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
08
 Ju
ne
 2
01
8.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f C
on
ne
ct
ic
ut
 o
n 
6/
14
/2
01
8 
3:
16
:2
4 
PM
. 
View Article Online
DOI: 10.1039/C8NJ00922H
ARTICLE Journal Name 
4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
Fig. 3 Raman spectra of NC and FNC samples with calculated ID/IG ratios and 
estimated dimensions of nondefective graphene structures. 
 
Fig. 4 IR spectra obtained for NC and FNC samples. 
obtained from Raman spectra fitted according to the protocol 
described by Ribeiro-Soares et al.
42
 Different component peaks  
were used: two Lorentzians (D
A
 and G
A
 peaks) and other two 
Gaussians (D
S
 and G
S
 peaks). D
S
 and G
S
 peaks introduced in this 
fitting come from highly disordered areas and are important to  
be considered specially when the sample presents small 
crystallite sizes (Fig. 3).
42
 The obtained results indicated that 
the average dimension of the non-defective graphene 
structures decreased from 39 nm to 31-32 nm after oxidation, 
likely due to the attack/oxidation of the carbon structure. 
 Infrared spectra (IR) for NC sample (Fig. 4) showed bands 
between 3550 - 3400 cm
-1
 related to O-H groups, 1636 and 
1617 cm
-1
 related to C=C bonds, and at ca. 1385 and 1050 cm
-1
 
likely due to C-H and C-O from different functional groups, 
respectively. Upon oxidation, the presence of new bands at 
1470 and 880 cm
-1
 indicates chemical functionalization with 
nitro groups (NO2). It can also be noticed a decrease in the 
bands related to C=C bonds (1636 and 1617 cm
-1
) and a C-H 
shoulder present near 1380 cm
-1
 due to the attack of nitric 
acid. The band near 1730 cm
-1
 suggests to the formation of 
carboxylic acids.
43
 
Elemental analyses (CHN) showed for NC sample a carbon 
content of 89 %. After oxidation with HNO3, the carbon 
content decreased to ca. 68 % and nitrogen content to ca. 0.9-
1 % indicating an important oxidation of the carbon. 
Potentiometric titrations were performed to estimate the 
nature and number of acid functional groups. Fig. 5 shows the 
concentration of groups for each material, according to their 
pKa. Obtained experimental data for the different samples are 
shown in Supplementary Material. 
The obtained results suggest the presence of three 
representative functional groups: carboxylic acid, lactone, and 
phenol.
44
 As expected, NC presented less acid functional 
groups than functionalized materials. As the NC was treated 
with HNO3 for 5, 15 and 30 min, it was observed a gradual 
increase in the concentration of the different functional 
groups. It is interesting to observe that especially the groups 
with pKa higher than 8 (related to phenols and quinones) and 
in the range 4-6 (related to carboxylic groups) showed a more 
significant increase.  
Fig. 5 Number of functional groups according to pKa, and total acid functional 
groups in NC and FNC samples.  
3.1. Kinetic studies of sulfide oxidation 
Previous works showed that the oxidation of aqueous Na2S 
in the presence of different carbons resulted in several 
changes in the UV-Vis spectrum.
33-35
 Fig. 6 shows the UV-Vis 
spectra obtained for sulfide oxidation in the presence of the 
carbon FNC_15 at different times. Na2S solution in the 
presence of the carbon materials produced UV-Vis absorption 
bands at the wavelengths 273, 290 and 375 nm, suggesting the 
oxidation of sulfides to different polysulfides, e.g., S2
2-
, S3
2-
 and 
S4
2-
, respectively.
33,34
 A progressive increase in absorbance was 
observed up to 10 minutes of reaction. After 15 up to 20 
minutes, the absorbance of all bands strongly decreased.  
These results can be better visualized by the absorption 
band at 273 nm (Fig. 7). It can be seen that the absorbance of 
all materials increased at the beginning of reaction indicating 
the oxidation to form S2
2- 
species. However, after 5-15 min the 
absorbance at 273 nm strongly decreased. 
The absorbances for different polysulfide species S2
2-
, S3
2-
 
and S4
2-
 estimated by deconvolution of spectra for FNC_15 
after 5, 10, 15 and 20 minutes of reaction are shown in 
Supplementary Material. The relative spectral areas for the 
different species produced during reaction with FNC_15 are 
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Fig. 6 Monitoring of sulfide oxidation by UV-Vis spectroscopy for FNC_15 with 
Na2S 
 
 
Fig. 7 Kinetics of sulfide oxidation for FNC_5, FNC_15, and FNC_30 monitored by 
the absorbance at 273 nm.  
The absorbances for different polysulfide species S2
2-
, S3
2-
 
and S4
2-
 estimated by deconvolution of spectra for FNC_15 
after 5, 10, 15 and 20 minutes of reaction are shown in 
Supplementary Material. The relative spectral areas for the 
different species produced during reaction with FNC_15 are 
shown in Fig. 8. It can be observed that absorbance for all 
species increased simultaneously up to 10 - 15 min, but also 
decreased simultaneously reaching very low values near 20 
min. Although the reason for this decrease is not clear, it can 
be related to a sequential process of polysulfide formation 
followed by adsorption on the porous carbon surface 
(Equation 2). In fact, sulfur analyses by ICP-OES after the 
reactions showed 2.54, 4.61, and 3.71% of S for FNC_5, 
FNC_15 and FNC_30, respectively.  
 
S
2-
aq → Polysulfide Sn
2-
 aq → adsorpUon on carbon surface      
(Equation 2) 
 
 
Fig.8 Relative spectral areas of bands related to the species S2
2-
, S3
2-
 and S4
2-
 
during reaction time with material FNC_15. 
 
 
 
Fig. 9 UV-Vis spectra for sulfide oxidation in the presence of FNC_15 obtained at 
10 min reaction in the 1st, 2nd, 3rd and 4th uses (Inset: integrated areas under 
the spectrum of each reuse). 
It was investigated the reuse of the carbon in consecutive 
reactions in order study the deactivation of the catalysts. The 
obtained results are shown in Fig. 9. It can be observed by the 
UV-Vis spectra obtained at 10 min reaction that all the bands 
gradually decreased during the 1
st
, 2
nd
, 3
rd
, and 4
th
 uses, 
indicating a deactivation.  
The efficiency of NC and FNC materials for sulfide oxidation 
was compared to AC (commercial activated carbon),
33
 
graphene/graphite
34
 and a high surface area carbon made of 
mesophase pitch.
35
 Fig. 10 shows the comparison, which was 
performed based on the formation of S2
2-
 by the absorption at 
273 nm after 10 min reaction. It can be observed that as NC is 
oxidized with HNO3 for 5 and 15 min the activity strongly 
increased. On the other hand, oxidation of NC for 30 min led to 
a decrease in sulfide conversion. Microporous commercial 
activated carbon made of coconut shell (before and after 
HNO3 oxidation),
33
 graphene and graphite
34
 showed much 
lower activities for sulfide oxidation. Only an activated carbon 
with a surface area of 3250 m
2
 g
-1
 showed sulfide oxidation 
activity comparable to FNC_15.
35
  
In order to investigate the catalytic effect of the carbon 
surface on the oxidation of sulfide, cyclic voltammetry  
Fig. 10 Formation of S2
2-
 in the presence of different carbon materials measured 
under the same condition by the absorbance at 273 nm after 10 min of reaction. 
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Fig. 11 Cyclic voltammograms obtained for FNC samples and graphite (Na2S 
0.001 M solutions, 25 mVs
-1
).  
experiments were carried out (Fig. 11). It was first investigated 
the effect of the oxidative treatments on the capacitive 
currents of the electrodes prepared with the different 
materials. The obtained results clearly showed an increase in 
the capacitive  
currents with the oxidation of the carbon materials  
(Supplementary Material). The capacitance of the carbon 
materials is governed mainly by the textural properties 
(porosity, surface area) and surface chemistry.
45
 The increased 
concentration of oxygenated functional groups modifies the 
electrostatic field of the surface, increasing the polarity, 
providing a greater interaction with the water molecules.
46
 In 
addition, many oxygenated functional groups may undergo 
redox reactions and generate a capacitive pseudo-current.
47
 
Fig. 11 shows for the electrode prepared only with graphite a 
well-defined irreversible anodic peak around 0.80 V (Peak I) 
attributed to the oxidation of the aqueous sulfide. The linear 
relationship between the anodic peak currents and the square 
root of the scan rate suggests a diffusion controlled electrode 
reaction (Supplementary Material). The modification of the 
graphite paste electrode with samples of mesoporous 
nanocast carbon led to a widening of the oxidation peak 
hampering the definition of the peak, but indicating a lower 
sulfur initial oxidation potential for the samples treated with 
HNO3. It is also possible to verify that the voltammograms of 
the modified electrodes present two oxidation regions, one 
near 0.80 V, promoted by the surface of the graphite, and 
another that is initiated at lower potentials generated by the 
surface of the oxidized mesoporous nanocast carbon. These 
results indicate a clear catalytic effect.  
 
3.2. Preliminary discussion on the reaction mechanism 
The FNC carbon catalysts present in this work show two 
unique features, i.e., the formation of large amounts of high 
polysulfides (S3
2-
 and S4
2-
) and a consecutive adsorption of 
these polysulfides.   
Previous works
31-35
 suggested that the mechanism of 
aqueous S
2-
 oxidation probably involves the interaction with 
redox groups on the carbon surface, forming intermediate 
oxidized species. In this step, electronic transferences may 
occur from S
2- 
species to the graphene conducting structure. 
Sulfur oxidized species can then react with another S
2-
 
producing disulfides or higher polysulfides. Besides these 
surface redox groups, the conducting carbon graphene 
structure was suggested to be important to transfer the 
electrons involved in the reaction.
31-35
 Upon extensive HNO3 
oxidation, a large number of defects created in the graphene 
structure might affect electron conductivity. This probably 
explains the decrease in sulfur oxidation activity for the 
catalyst FNC_30 compared to FNC_15. 
Another aspect of carbon catalysts to be considered is the 
pore structure, which likely controls the reaction by the 
diffusion limitations of sulfur species in and out of the pores.
35
 
The diffusion of aqueous S
2-
 species is likely more difficult in 
small pores, especially due to the presence of negative surface 
charge of oxygen functionalities, such as carboxylic (-COO
-
)surf 
and phenolic(-O
-
)surf. In this context, larger mesopores should 
facilitate the access of S
2-
 species to the surface to form the 
primary reaction product S2
2-
. Moreover, with more S
2-
 and 
enough space inside the pores, S2
2-
 can react with other S
2-
 
species to form higher polysulfides, e.g., S3
2-
 and S4
2-
. In fact, 
despite the relatively high specific surface area (890 m
2
 g
−1
), 
and similar concentration and type of oxygen surface groups, 
commercial microporous AC showed the formation of only S2
2-
 
and very low sulfide oxidation activity compared to all FNC 
samples. This is likely related to the hindering of the reaction 
in the micropores (diameter < 2 nm) that is limited by the 
diffusion of the reactant and products with relatively large 
molecular sizes (S2
2-
, S3
2-
 and S4
2-
 molecular diameters of ca. 
0.4, 0.6 and 0.8 nm, respectively).
40,48
 Fig. 12 shows a 
schematic representation of this process inside micro and 
mesopores. 
Conclusions 
The results presented in this work showed that 
mesoporous nanocast carbon modified by controlled oxidation 
with HNO3 are unique catalysts for the oxidation of sulfide in 
aqueous medium. Some of the unique features of the catalyst 
are: (i) higher activities compared to other carbon based 
catalysts reported in the literature, (ii) formation of large 
amounts of higher polysulfides S3
2-
 and S4
2-
 and (iii) removal of 
these  
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Fig. 12 Schematic representation of the limited reaction of S
2-
aq in micropores 
compared to the production and adsorption of higher polysulfides in mesopores.  
polysulfides by consecutive adsorption. These features are 
likely produced by the combination of a relatively high surface 
area modified with active redox oxygen groups. It is proposed 
that the presence of significant mesoporosity is very important 
to  
afford enough space for the consecutive oxidation of S
2-
 to 
polysulfides and also for their posterior adsorption. 
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